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Abstract

We studied mineral water and associated gases of Funagoya spa, and mineral water of
Nagata spa, in Fukuoka Prefecture to identify the sources of their respective waters, inor-
ganic carbon components, and noble gases. The stable isotope composition (6 D and & 0)
of the mineral waters showed that the waters of the Funagoya and Nagata spas originate
from rainwater. However, the relation between the *He/*He ratio and *He/*Ne ratio in the
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associated gases indicates that He flowing out from Funagoya spa contains almost no He
derived from the atmosphere : it originates from deep underground (mantle-derived He, 60% ;
crustal He, 40%). Furthermore, the relation between C/°He and ¢ "°C in the associated gases
shows that mantle-derived CO, accounts for 35%, deep subducted marine carbonate for 56%,
and sedimentary organic carbon for 9%. Furthermore, analyses of the CH,/(C,Hg+ CsHy)
ratio and the J**C of CH, in the associated gases suggests that the CH, from the Funagoya
spa is produced from thermogenic decomposition of deep organic sediments.

Key words : Carbonate spring, helium, dissolved inorganic carbon, stable isotope, origin,
Chikugo plain

1. Introduction

Fukuoka Prefecture’'s Funagoya and Nagata spas are well-known carbonated springs in
Japan. They were discovered by the Arima Clan during the late Edo Period (1810) on the north
side of the Yabe River, and by the Yanagawa/Tachibana Clans on the south side of the river
(Urakawa, 2011). The respective spas prospered during the Meiji to the Showa Periods, with
peak visitation by as many as 20,000 bathers annually. Dozens of mineral spring wells have
been drilled on both sides of the river, including those at the Funagoya and Nagata spas
(Urakawa, 2011). The dissolved inorganic carbon (DIC) concentration covers a wide range from
about 50 ppm to 1,000 ppm or more (Urakawa, 2011). In recent years, the springs have attracted
attention for the medical effects of their high DIC (namely CO,) concentrations. Associated gases
are discharged together with mineral waters from the most deeply drilled wells in the Funagoya
spa area.

The DIC of the mineral waters, a particularly interesting characteristic of the Funagoya and
Nagata spas, is probably attributable to the decomposition of organic matter by methanogens,
under anaerobic conditions, buried at a depth of a few hundred meters underground (Urakawa,
2011). However, that inference has not been proven. Many unclear aspects remain. For this
study, samples of mineral waters and associated gases discharged from Funagoya and Nagata
spas were examined to ascertain, based on the samples’ chemical and isotopic composition, the
water sources and their inorganic carbonate components and noble gases.

2. Sampling and analyses

On 1 November 2010, mineral water and accompanying bubble gases were sampled at
Funagoya spa (point A), and mineral water was collected from Nagata spa (point B, Fig. 1). The
water temperature and pH were measured at the sites. The water samples were subjected to
chemical analyses of the major components and dissolved inorganic carbon (DIC=CO,,+HCO;"
+CO04"), stable isotope analysis of water (6 D and ¢ ®0), and carbon stable isotope measurement
of DIC (6 "C) using the method described by Sakai ef al. (2011). The respective measurement
precisions of isotope analyses for § D, ¢ 0, and 6 *C were £1.0% , +0.1%,, and £0.2% .

Bubble gases were collected using the following three techniques [Gas samples 1-3] in
accordance with the items that were analyzed.
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[Gas sample 1] Gas bubbles were tem-
porarily trapped in a soft plastic bag
(equipped with cocks) using a plastic funnel

of about 20 cm diameter. The gas was

transferred immediately to a gas collection
vessel (a large glass syringe) containing 5M
KOH aqueous solution. The carbon dioxide
gas (CO,), which is thought to constitute
most of the volume of gases, was thereby
absorbed into the alkali solution. Through
repeated collection, it was possible to obtain
an adequate volume of the gas component
that had not been absorbed into the alkali
solution (residual gas, ‘R gas’). The gas was

then brought back to the laboratory.

Chemical composition data for CO,, N, Ar,
He, H,, CH,, and O, were obtained from
these samples. In accordance with Iwakura

Fig. 1 Mineral springs investigated in this study :  ¢¢ @l (2000), CO, was measured from the
A, Funagoya spa : B, Nagata spa.

alkali solution using the CO, electrode
method. However, N,, Ar, He, H, and CH,
were analyzed using a gas chromatograph using O, as the carrier gas. The O, in the gas sample
was obtained by calculating, based on the ideal gas state equation using those analysis values,
the R gas volume, the atmospheric temperature, and the pressure inside the laboratory. Then
the CO, that had been absorbed into the alkali solution was reacted with Sr (OH),, thereby
isolating it as SrCOj; for carbon stable isotope measurements (J °C) using the same method as
that used for DIC.

[Gas sample 2] A funnel was used to collect gas bubbles directly, together with a small
amount of hot spring water, in a 10mL or 20mL glass bottle with a rubber septum. Using the
method described in Ohsawa et al. (2010), data of the relative composition of C,Hg and C;Hg with
respect to CH, were obtained from the sample, as were data related to the carbon stable isotope
ratio (0 C) of these compounds. During transport and storage, external air was blocked by
tipping the glass bottle onto its side and setting it so that the connection point with the septum
was sealed with hot spring water, thereby preventing sample gas leakage and air contamination.

[Gas sample 3] Gas bubbles were collected, using a funnel, into a Pyrex glass gas-sampling
bottle equipped with a stop cock on both ends. Data for the *He/*He ratio and ‘He/*Ne ratio
were obtained from this sample using a magnetic sector mass spectrometer by the Environment
Department of Kyuden Sangyo Co. Inc. The respective uncertainty errors in the *He/*He ratio
and ‘He/*Ne were estimated as 1% and 10%.
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Chemical and isotopic data of spring waters and

bubble gases in Funagoya and Nagata mineral springs.

Fukuoka Prefecture.

Funagoya Nagata
spring waters Water temp (C) 235 231
pH 5.6 5.0
Na (mg/L) 63.5 14.8
K (mg/L) 39 24
Mg (mg/L) 218 4.1
Ca (mg/L) 220 232
Cl (mg/L) 184 16.5
SO, (mg/L) 89 17.1
HCO; (mg/L) 217 64.8
DIC (mg/L) 1000 as CO, 1200 as CO,
0 D H,0 (%o0) -439 —435
6 "0 H,0 (%) —754 —6.55
6 "*C DIC (%) -6.99 -7.38
bubble gases CO, (%) 91.2
N, (%) 6.95
CH, (%) 1.73
Ar (%) 0.043
0, (%) 0.031
He (ppm) 68
C,H; (ppm) 25
H; (ppm) 35
C;Hs (ppm) 0.9
3 C CO, (%) -413
6 C CH, (%) -431
6 C CHs (%) -39.2
*He/'He 6.64x10°°
He/*Ne 273

3. Results and discussion

Table 1 presents results of chemical and isotope analyses of the samples of the spring wa-
ters and the associated bubble gas. Just like Nagata spa, the Funagoya spa is a mineral spring
with water temperature of less than 25C. The hydrogen/oxygen stable isotope compositions of
the spring waters (Table 1) roughly resemble those of meteoric water (6 D=8 *0+10 : Craig,
1961), thereby indicating that these are shallow ground waters derived from rainwater. The
Funagoya spa is classified as a carbonated spring (HCO; type), as is the Nagata spa. The
Funagoya spring water has Na-HCO; type water quality, indicating that the ground water has
undergone considerable geochemical evolution. However, the main cation in the Nagata spring
water is Ca, indicating that the initial water quality of the shallow ground water. The major com-
ponent of the associated gas of the Funagoya spring water is CO,, but it does not contain negli-
gible amounts of CH, (Table 1). Therefore, it appears that methane fermentation (2CH,O0—CH, +
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CO,) of sedimentary organic compounds is
involved in the formation of the carbonate
spring. One might infer that the spring
water is shallow ground water of meteoric
origin which has undergone some process of
hydrochemical evolution. Nevertheless, the
geochemical characteristics of the He and
CO, in the associated gas indicate that the
origin of the spring water is not so simple.

Figure 2 [A] shows the *He/'He ratio
and *He/®Ne ratios of the associated gas of
the Funagoya spring water (Table 1), as
displayed on a *He/'He—'He/*Ne diagram,
as in the case of the Hitoyoshi Basin Hot
Springs (Ohsawa et al., 2011). When the
model calculation method described in
Shimizu et al. (2005) was used to find the
contribution rates of He types from
different sources in the associated gas, the
results revealed that mantle-derived He
accounted for 60%, crustal He for 40%, and
atmospheric He for 0.1% or less.

The ¢ "C value for CO, (-4.13 %o :
2.86 % heavy with respect to DIC
attributable to isotope fractionation
accompanying gas liberation) reveals that
the water contains deep-origin CO.,.
However, the possibility cannot be denied,
based on 6 "C only, that CO, is derived
from material containing marine carbonate
and sedimentary organic carbon.
Therefore, this point was investigated by
plotting the data on a graph of C/*He
versus 6 °C (Sano and Marty, 1995) (Fig. 2
[BD).

contribution rates of carbon from different

Just as in the case of He, the

sources in CO, of the associated gas can be
estimated (Sano and Marty, 1995).
show that mantle-derived CO, accounted

Results

for 35%, marine carbonate was 56% and sedimentary organic carbon was 9%.
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2 [A) Plot of *He/*He versus “He/*°Ne ratios

for the Funagoya gas sample obtained for this
study. The upper thick line represents the mixing
line between air and upper mantle components.
The lower thick line is a mixing line for air and
crust components. The three medium lines
show trajectories for mixing between air and
deep-originated gas for various mantle helium
components of 10, 20, and 50%. F, Funagoya
spa ; B, Nagata spa.

(B] Correlation between C/°He ratio and 6 °C
of DIC for the Funagoya sample. The figure
also shows model end members for mantle
(M-a, Sano and Marty, 1995 : M-b, Deines,
2002 ; M-c, Nishio et al., 1998), marine carbo-
nate (Sano and Marty, 1995), and sedimentary
organic carbon (mean value of those described
in Sano and Marty (1995), Deines (2002), and
Nishio et al. (1998)). The tie lines of the model
end members are mixing lines. F, Funagoya spa.

As explained

above, most He and CO, in associated gases were of deep origin, which attests to the fact that

these gases, rising from deep underground, flow into a shallow groundwater system and thereby
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105 - produce a carbonated spring.
Microbial ' ; . .
4 icrobia Em%%ab,, | }?‘1g.ure. 3 p(?rtrays an agrochemical
) 1074 Lo discrimination diagram, called a ‘Barnard
E” ," Diagram’, which is widely used in the field
3f...- . .
t 10 G of organic geochemistry (Ohsawa et al.,
T \migration . .
S L. TT_ _____ ﬁ ________ 2010). The diagram shows the (CH,/(C,Hs+
E C;Hy) ratio) against 0 *C of CH,, thereby
© oA E ‘ \)‘ac\o“ enabling one to trace transitions in
1 ‘ . .
. o physicochemical processes such as the CH,
' . Thermogenic .. .
11+ . } . . origin and the maturation process of
70 -60 -50 -0 -30 20 hydrocarbon gases. The CH, in gases from
8 13C(CHa) (%0)

Funagoya spa is produced by thermogenic

Fig. 3 6'°C of CH, and the CH,/(CsHs + CsHg) decomposition of shallow organic sediments,
ratio of the gas sample from Funagoya spa
expressed as the Barnard Diagram, which is )
generally used for discrimination of origin of ~ produced deep underground has migrated
CH, and interpretation of physical and che-  to the surface. Even if CO, were produced
mical processes of hydrocarbon gases. F,
Funagoya spa.

as explained by assuming that CH,

by the microbial oxidation of methane, it
would retain the same chemical and isotopic
compositions as CH,. However, as
demonstrated by Waseda et al. (2002), a great difference exists between the J"C of CO, and
that of CH, (see Table 1). Therefore, they are unlikely to have similar origin. It seems
reasonable to infer that hydrocarbon gases including CH, are added to the shallow groundwater
from some external source, as are He and CO.,.

In future studies, the authors would like to conduct a similar investigation of other
carbonated springs around the Chikugo River in the Tsukushi Plain, with characteristics
reportedly resembling those of the Funagoya spa (Urakawa, 2011).
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